1. Introduction {#sec0005}
===============

Tembusu virus (TMUV), a member of the Flaviviridae, is a newly emerging pathogen of avian origin that causes paralysis and ovarian haemorrhage in mainly ducks and geese. TMUV-infected ducks and geese exhibit a rapid drop in egg production and daily food intake. The sudden outbreak and fast spread of TMUV have caused heavy economic losses in the major waterfowl-breeding provinces of China since 2010. Concerningly, the range of TMUV hosts is expanding. In addition to ducks and geese, chickens, pigeons and house sparrows can be infected by TMUV. Therefore, TMUV has a severe impact on development of the domestic poultry industry ([@bib0020], [@bib0025]; [@bib0160]).

The whole TMUV genome encodes three structural proteins and seven nonstructural proteins. Among these viral proteins, the envelope (E) protein is located on the surface of mature virions and forms head-to-tail homodimers ([@bib0070]). The E protein consists of an ectodomain (containing three domains: DI, DII and DIII) and a stem-transmembrane domain that anchors the protein to the membrane. The first step in the process by which TMUV enters host cells is binding of the E protein to cellular receptors on the cell surface ([@bib0130]). To date, several cellular receptors have been identified; these include glucose-regulated protein 78 (GRP78) on BHK-21 cells, heat shock protein A9 on DF-1 cells and heparin sulfate on both BHK-21 and duck embryo fibroblasts (DEFs) ([@bib0175]; [@bib0075]; [@bib0140]). These receptors play an important role in the first step of TMUV entry and viral attachment. Subsequently, attached TMUV enters cells by the clathrin-mediated endocytosis pathway, after which endocytic vesicles carrying the virus are delivered to endosomes ([@bib0135]). Under the low-pH conditions of the endosome, the E homodimer dissociates into monomeric proteins, exposing the fusion loop in DII. Subsequently, the fusion loop inserts into the target membrane, and three copies of the E protein interact to form the E protein trimer. DIII then folds back against the trimer, directing the E stem anchor towards the fusion loop. The energy released by these conformational changes induces fusion between the viral membrane and host cell membrane. Finally, a fusion pore is formed, and delivery of the nucleocapsid into the cytosol initiates replication ([@bib0120]).

Previous studies have shown that artificially synthesized small peptides based on a protein domain can bind intact proteins and inhibit their biological activity through interfering with proper protein folding. Envelope protein-derived peptides were reported to bind the envelope protein and inhibit viral infection ([@bib0035]). [@bib0060] reported that a synthetic peptide corresponding to the envelope protein of human immunodeficiency virus type I (HIV-I) could block virion infectivity. Subsequently, other synthetic inhibitory peptides of the fusion proteins of paramyxoviruses, herpesviruses, orthomyxoviruses, retroviruses and coronaviruses have also been identified ([@bib0125]; [@bib0110]; [@bib0095]; [@bib0145]; [@bib0010]).

To date, several peptides corresponding to different domains of the flavivirus E protein have been shown to inhibit flavivirus infection. DN59, an inhibitory peptide corresponding to the stem region of dengue virus (DENV) E protein, almost completely inhibited DENV infection in LLC-MK2 cells and exhibited cross-inhibitory activity against West Nile virus (WNV) infection. The WN83 inhibitor, a direct mimic of DII of the WNV E protein, reproducibly inhibited WNV infectivity at a low-μM concentration ([@bib0050]). The inhibitory peptide Z2, which was synthesized based on the stem region of the Zika virus (ZIKV) E protein, could penetrate the placental barrier of pregnant ICR mice and inhibit vertical transmission of ZIKV in pregnant C57BL/6 mice ([@bib0150]). The peptide P5, derived from the stem region of the Japanese encephalitis virus (JEV) E protein, could block JEV and ZIKV infection *in vitro*. P5 also protected mice from JEV-induced lethality and reduced ZIKV-induced histopathological damage by decreasing viral load ([@bib0015]). Moreover, DN59 and 1OAN1 could inhibit antibody-dependent enhancement (ADE)-mediated DENV infection *in vitro*, suggesting peptide inhibitors as a strategy to inhibit flavivirus ADE ([@bib0100]).

Although multiple peptide inhibitors corresponding to the E proteins of other flaviviruses have been studied, inhibitory peptides against TMUV have not been reported. In this study, the peptides TP1 and TP2 derived from DII and the stem region of the TMUV E protein, respectively, were synthesized, and their ability to prevent TMUV infection was investigated. The data demonstrated that TP1 inhibited TMUV infection through destroying the integrity of the viral particles, while both TP1 and TP2 exerted inhibitory effects by interfering with the binding of TMUV to cells. Additional results suggested that TP2 cross-inhibited JEV infection. These findings provide new insight into the development of drugs against TMUV.

2. Materials and methods {#sec0010}
========================

2.1. Cells and viruses {#sec0015}
----------------------

TMUV strain JS804 (GenBank accession No. JF895923) was isolated by our laboratory ([@bib0055]). JEV strain SA14-14-2 (GenBank accession No. AF315119) was obtained from Dr. Xiuli Feng at Nanjing Agricultural University. TMUV strain JS804 and JEV strain SA14-14-2 were propagated in baby hamster kidney cells (BHK-21 cells) grown in RPMI-1640 medium (HyClone, South Logan, USA) containing 10% foetal calf serum (FCS, HyClone, South Logan, USA). Viral titres in BHK-21 cells were determined by plaque assay as previously described ([@bib0170]). Specific-pathogen-free (SPF) ducks were purchased from the Harbin Veterinary Research Institute in China. This study was approved by the Animal Care and Use Committee of Jiangsu Province. Monoclonal antibody against the E protein of TMUV strain JS804 was produced by our laboratory ([@bib0105]). Anti-β-actin monoclonal antibody was obtained from Cowin Biotechnology Company (Cowin, Beijing, China). HRP-labelled goat anti-mouse IgG antibody was purchased from Zsbio Biotechnology Company (Beijing, China).

2.2. Peptide synthesis {#sec0020}
----------------------

The peptides TP1 (SWLVNRDWFHDLNLPWTGSSAGTWQ) and TP2 (MVALGDTAWDFGSVGGVLTSIGKGIHQVFGSAFKSL), the negative peptide sTP (MTPLTRWHSSGEEHHLVTKRMEVATWLVGAAPGQGEWIRSI, [@bib0115]), TP1-biotin, TP2-biotin and sTP-biotin at a 95% purity ([Fig. 1](#fig0005){ref-type="fig"} A) were synthesized by the Nanjing Genscript Biotechnology Company.Fig. 1Inhibitory effects of TP1 and TP2 against TMUV infection in BHK-21 cells. A, Sequence alignment of TP1 and TP2 with the corresponding regions from other flaviviruses: four DENV serotypes, JEV, TBEV, WNV, YFV and ZIKV. The black boxes indicates conserved amino acid residues. B--D, The inhibitory effects of the peptides were detected by qRT-PCR (B), a plaque assay (C), and western blotting (D). E, IC~50~ values of the two peptides. F, Toxicity of TP1 and TP2 in BHK-21 cells. The data are expressed as the means ± SDs of results from three independent experiments. The asterisk indicates a statistically significant difference (P \< 0.05).Fig. 1

2.3. Inhibition of TMUV infection {#sec0025}
---------------------------------

The peptides were solubilized in dimethyl sulfoxide (DMSO) and diluted in serum-free RPMI-1640 medium. TMUV at a concentration of approximately 200 TCID~50~ (0.2 mL) was added to equal volumes of peptide solutions at different concentrations. Then, 0.4 mL of each mixture was incubated at 37 °C for 1 h and added to BHK-21 cells grown in 12-well plates. After incubation at 37 °C for 1 h, the supernatants were removed, and the cells were washed with chilled PBS twice. Then, fresh RPMI-1640 medium containing 5% FCS was added. At 24 h post-infection, the culture supernatants were collected, and viral titres were determined by qRT-PCR and plaque assay. The TMUV titres of the culture supernatants of infected cells treated with peptides was compared with those of infected control cells treated with negative peptide, which was set as 100% infection. The percentage inhibition was calculated as follows:$$\text{Percentage}\,\text{inhibition}\,\left( \% \right) = 100 - \frac{\text{TMUV}\,\left( \text{peptide}\,\text{treatment} \right)}{\text{TMUV}\,\left( \text{negative}\,\text{peptide}\,\text{treatment} \right)} \times 100$$

2.4. RNA extraction and qRT-PCR {#sec0030}
-------------------------------

Viral RNA was extracted with an AxyPrep Body Fluid Viral DNA/RNA Miniprep Kit (Axygen, Union City, USA) according to the manufacturer\'s protocol. First-strand cDNA was synthesized using HiScript II Q Select RT SuperMix for qPCR (+gDNA wiper, Vazyme, Nanjing, China). The primers used for qRT-PCR were NS2AF primer (forward, 5′-GCAGCCCAGGAGATTTTGAG-3′) and NS2AR primer (reverse, 5′-CTAACGCAACGCCAAGCA-3′).

2.5. Plaque assay {#sec0035}
-----------------

The viral titres in the supernatants of cultured cells were determined by a plaque assay as described previously ([@bib0170]). Briefly, ten-fold serial dilutions of the supernatants were used to inoculate a monolayer of BHK-21 cells. After 1 h of incubation at 37 °C, the cells were washed with PBS and covered with cell culture medium containing 1% agarose. After 72 h of incubation at 37 °C, the cells were stained with 0.1% neutral red to visualize the plaques.

2.6. Western blotting {#sec0040}
---------------------

The amounts of TMUV E protein in the cell lysates were detected by western blotting as described previously ([@bib0180]). Briefly, TMUV-infected cells were lysed using cell lysis buffer containing 1 mM phenylmethylsulfonyl fluoride (Beyotime, Shanghai, China). Samples containing equal amounts of protein were separated by SDS-PAGE, and the proteins were then electrophoretically transferred to a PVDF membrane which was blocked at 37 °C for 2 h with 2% ECL Prime blocking agent (GE, Buckinghamshire, UK) in PBS containing 0.05% Tween-20. The membrane was then incubated with anti-TMUV or anti-β-actin monoclonal antibody at 4 °C overnight. After washing three times with PBST, the membrane was probed with HRP-labelled goat anti-mouse IgG antibody at 37 °C for 1 h. The membrane washing procedure was repeated three times, and the proteins were detected using the BeyoECL Plus Kit (Beyotime, Shanghai, China).

2.7. Toxicity assay {#sec0045}
-------------------

Cells were treated with 150 mg/L TP1 or TP2 for 24 h at 37 °C. To determine whether the two peptides are toxic to cells, cellular viability was detected with a CCK-8 kit (Dojindo, Kumamoto, Japan) according to the manufacturer's instructions.

2.8. Assay to determine the 50% inhibitory concentration (IC~50~) {#sec0050}
-----------------------------------------------------------------

The IC~50~ values of the two peptides were measured as previously described ([@bib0115]). Briefly, BHK-21 monolayer cells were grown in a 96-well plate. Two-fold serial dilutions of the peptides were mixed with TMUV at a concentration of 200 TCID~50~ and then incubated at 37 °C for 1 h before their infection of BHK-21 cells. After 1 h of incubation at 37 °C, supernatants were removed, and the cells were covered with a mixture of 1% agarose and RPMI-1640 medium containing 5% FCS. The cells were further incubated for 48 h and then stained with 0.1% neutral red to visualize plaques. The TMUV plaques were counted and analysed by comparison with control cells infected with TMUV treated with negative peptide (set as 0% inhibition). The nonlinear regression function of GraphPad Prism software (GraphPad Software, La Jolla, USA) was used to calculate IC~50~ values of the peptides against TMUV.

2.9. ADE inhibition assays {#sec0055}
--------------------------

Duck anti-TMUV serum was prepared and stored in our laboratory. The neutralizing antibody titre of the antiserum was assessed by the plaque reduction neutralization test as previously described ([@bib0165]). Duck peripheral blood lymphocytes were isolated using a duck peripheral blood lymphocyte isolation kit (Haoyang, Tianjin, China) according to the manufacturer's protocol. Briefly, 5 mL of sterile peripheral blood with anticoagulant was obtained from ducks and then diluted with 5 mL of RPMI-1640 medium. Ten millilitres of separation medium was added to the centrifuge tube. The diluted whole blood was carefully layered onto the separation medium. The tube was centrifuged with a horizontal rotor at 400 ×*g* for 30 min at 4 °C. Cells at the interface were carefully transferred into a new centrifuge tube containing 10 mL of washing buffer and mixed gently. The tube was centrifuged with a horizontal rotor at 250 ×*g* for 10 min at 4 °C. The cell pellet was then washed twice at 4 °C with washing buffer. Finally, the cells were resuspended in RPMI-1640 medium containing 10% FCS and inoculated into a 12-well plate. ADE inhibition assays were carried out as previously described ([@bib0100]). Briefly, inactivated duck anti-TMUV serum with a neutralizing antibody titre of 1:64 was diluted 1:100 with RPMI-1640 medium. Then, 0.2 mL of diluted inactivated duck anti-TMUV serum was incubated with an equal volume of virus at a concentration of 200 TCID~50~ for 1 h at 37 °C. Then, the serum-virus mixtures were incubated with peptides at different concentrations for an additional 1 h. The mixtures were added to duck peripheral blood lymphocytes and incubated for 48 h at 37 °C. The cultures were harvested, and viral titres were determined by plaque assay and qRT-PCR.

2.10. Co-immunoprecipitation assay {#sec0060}
----------------------------------

A co-immunoprecipitation assay was conducted as previously described ([@bib0175]). Briefly, TMUV was incubated with biotin-peptide on a rocker at 4 °C overnight, followed by incubation with anti-biotin antibody (Sigma, St. Louis, USA) for 5 h. Subsequently, protein A/G agarose beads (Beyotime, Shanghai, China) were added to the mixture and incubated for 3 h. The beads were washed with PBS five times and collected for qRT-PCR detection.

2.11. Indirect enzyme-linked immunosorbent assay (ELISA) {#sec0065}
--------------------------------------------------------

Ninety-six-well ELISA plates were pre-coated with purified TMUV at 4 °C overnight. After washing with PBST three times, the plates were blocked with PBST containing 1% BSA at 37 °C for 2 h. After washing three times, 0.1 mL of diluted biotin-peptides was added to each well and incubated at 37 °C for 1 h. The plates were washed with PBST three times, followed by the addition of 0.1 mL of HRP-labelled streptavidin diluted 1:5000. After incubation at 37 °C for 1 h and three further washes, tetramethyl benzidine (TMB) substrate was added and incubated for 15 min at room temperature. The reaction was stopped with the addition of 2 M H~2~SO~4,~ and the plates were read by a BioTek microplate reader.

2.12. RNase digestion assay {#sec0070}
---------------------------

An RNase digestion assay was carried out as previously described (Lok et al., 2017; [@bib0150]). Briefly, TMUV at a concentration of approximately 4 × 10^5^ TCID~50~ was incubated with TP1 or TP2 at 37 °C for 1 h, after which the released genomic RNA was digested with micrococcal nuclease (NEB, Ipswich, USA) for 1 h at 37 °C. Genomic RNA was extracted and detected by qRT-PCR as described above.

2.13. Viral binding inhibition assay {#sec0075}
------------------------------------

A viral binding inhibition assay was conducted as described previously ([@bib0030]). Confluent BHK-21 cell monolayers were washed once with chilled PBS. TMUV and peptides were co-incubated at 37 °C for 1 h before their addition to the monolayers and incubation for 2 h at 37 °C. The monolayers were washed with chilled PBS three times and then harvested for RNA extraction and detection.

2.14. Statistical analysis {#sec0080}
--------------------------

Statistical analyses were performed using Statistical Package for Social Science (SPSS) statistical software. Differences with a *P* value \<0.05 were considered statistically significant.

3. Results {#sec0085}
==========

3.1. Peptides TP1 and TP2 exerted inhibitory effects against TMUV infection {#sec0090}
---------------------------------------------------------------------------

TMUV was incubated with TP1 or TP2 before its infection of BHK-21 cells. At 24 h post-inoculation, TP1- or TP2-mediated inhibition of TMUV infection was assessed by qRT-PCR ([Fig. 1](#fig0005){ref-type="fig"}B), plaque assay ([Fig. 1](#fig0005){ref-type="fig"}C), and western blotting ([Fig. 1](#fig0005){ref-type="fig"}D). The qRT-PCR results showed that both peptides inhibited TMUV infection in a dose-dependent manner. Incubation with TP1 or TP2 at a concentration of 10 mg/L led to slightly decreased virus production, but these differences were not statistically significant. However, incubation with 50 mg/L and 100 mg/L TP1 or TP2 caused a significant decrease in virus production. Compared with negative peptide treatment, the virus production following 50 mg/L and 100 mg/L TP1 treatment was decreased by 21.3% and 44.6%, respectively. Similarly, 50 mg/L and 100 mg/L TP2 treatment reduced virus production by 37.4% and 53.4%, respectively. The results of the plaque assay and western blot analysis were similar to those obtained by qRT-PCR. In addition, the IC~50~ values suggested that TP2 derived from the stem region exhibited a stronger inhibitory effect than TP1 derived from DII ([Fig. 1](#fig0005){ref-type="fig"}E). As expected, the negative peptide did not show an inhibitory effect. A toxicity assay was conducted to exclude the possibility that the antiviral effects of the two peptides were due to underlying cytotoxicity. The results showed no significant differences between BHK-21 cells with or without the peptides, suggesting that the two peptides are non-toxic at the indicated concentrations ([Fig. 1](#fig0005){ref-type="fig"}F). These results suggest that TP1 and TP2 can effectively inhibit TMUV infection.

3.2. Peptides TP1 and TP2 inhibited TMUV infection in different cell types {#sec0095}
--------------------------------------------------------------------------

To determine whether the inhibitory effects of TP1 and TP2 are cell type dependent, different cell types of avian origin (chicken embryo fibroblasts (CEFs), DF-1 cells (immortalised CEFs) and duck embryo fibroblasts (DEFs)) were used to test the effects of TP1 and TP2 on TMUV infection. At 24 h post-infection, qRT-PCR, plaque assays, and western blotting were conducted to detect virus production with peptide treatment. As shown in [Fig. 2](#fig0010){ref-type="fig"} , in the presence of 50 mg/L and 100 mg/L TP1 or TP2, virus production in the three cell types was significantly decreased ([Fig. 2](#fig0010){ref-type="fig"}A). The results of the plaque assay were similar to those obtained by qRT-PCR. Compared with negative peptide treatment, treatment with 50 mg/L and 100 mg/L TP1 reduced virus production by 27.17% and 47.68% in CEFs, 25.76% and 35.63% in DF-1 cells and 35.54% and 44.83% in DEFs, respectively. However, 50 mg/L and 100 mg/L TP2 decreased virus production by 30.74% and 46.13% in CEFs, 35.63% and 44.68% in DF-1 cells and 37.42% and 55.86% in DEFs, respectively ([Fig. 2](#fig0010){ref-type="fig"}B). The antiviral effects of TP1 and TP2 were also confirmed by western blotting ([Fig. 2](#fig0010){ref-type="fig"}C). Moreover, TP1 and TP2 showed no cytotoxic effect on CEFs, DF-1 cells or DEFs ([Fig. 2](#fig0010){ref-type="fig"}D). These results indicated that the peptides exhibited similar inhibitory effects in different cell types.Fig. 2Inhibitory effects of TP1 and TP2 against TMUV infection in different cell types. Virus production was determined by qRT-PCR (A), a plaque assay (B), and western blotting (C). D, The toxicity of TP1 and TP2 in different cells. Data are the means ± SDs of triplicate experiments. The asterisk indicates a statistically significant difference (P \< 0.05).Fig. 2

3.3. Peptide TP2 cross-inhibited JEV infection {#sec0100}
----------------------------------------------

Because the E proteins among flaviviruses share sequence homology, whether the peptides would inhibit JEV infection was investigated. The inhibitory effects of the peptides were determined by the plaque assay at 24 h post-infection. TP2 efficiently protected against JEV infection, demonstrating that TP2 could cross-inhibit JEV infectivity. However, TP1 did not exhibit inhibitory activity against JEV ([Fig. 3](#fig0015){ref-type="fig"} ).Fig. 3Effect of TP1 and TP2 against JEV. The inhibitory activities of TP1 and TP2 at different concentrations against JEV were tested. At 24 h post-infection, the culture supernatants were harvested, and the JEV titres were determined by plaque assay. The peptide P5 (AWDFGSIGGVFNSIGKAVHQV, [@bib0015]) was used as the positive control. The data presented are from three separate experiments. \* p \< 0.05 *vs*. negative peptide treatment.Fig. 3

3.4. Peptides TP1 and TP2 blocked TMUV ADE {#sec0105}
------------------------------------------

Previous studies have shown that antibodies can mediate flavivirus infection to facilitate viral entry, leading to enhanced infection and severe disease outcomes, in a process known as ADE ([@bib0040];[@bib0045]. [@bib0080] reported TMUV ADE when anti-TMUV antibody levels were low. Earlier studies in our laboratory indicated that duck anti-TMUV serum could enhance infection in duck peripheral blood lymphocytes, with this effect peaking with anti-TMUV serum (with a neutralizing antibody titre of 1:64) diluted 1:100 (data not shown). As shown in [Fig. 4](#fig0020){ref-type="fig"} , anti-TMUV serum diluted 1:100 facilitated infection in duck peripheral blood lymphocytes. However, incubation of anti-TMUV serum mixed with TP1 or TP2 inhibited ADE in a concentration-dependent manner. Although the inhibitory peptides did not block ADE completely, treatment with TP1 or TP2 led to a significant reduction in virus production compared with that following treatment with the negative peptide. Although TP1 and TP2 inhibited TMUV ADE, the two peptides showed no cytotoxic effect on duck peripheral blood lymphocytes ([Fig. 4](#fig0020){ref-type="fig"}C).Fig. 4The peptides TP1 and TP2 inhibited ADE in duck peripheral blood lymphocytes. TP1 and TP2 blocked the infection of duck peripheral blood lymphocytes in the presence of a maximally enhancing dilution (1:100) of anti-TMUV serum. Virus production was determined by qRT-PCR (A), a plaque assay (B), and western blotting (C). D, The toxicity of TP1 and TP2 in duck peripheral blood lymphocytes. The data are expressed as the means ± SDs of results from three independent experiments. \* p \< 0.05 *vs*. negative peptide treatment.Fig. 4

3.5. Peptides TP1 and TP2 bound TMUV {#sec0110}
------------------------------------

Several studies have shown that the interaction between inhibitory peptides and the virion causes a reduction in infection ([@bib0155]). In this study, the binding of peptides to TMUV was examined by the addition of biotin-peptides at different concentrations to an ELISA plate pre-coated with purified TMUV that were then detected using HRP-labelled streptavidin. Biotin-TP1 or biotin-TP2 at increasing concentrations increased the signals indicating binding to the TMUV that had been coated on the plates in a concentration-dependent manner, but signals from negative peptide and non-enveloped TMUV were very low ([Fig. 5](#fig0025){ref-type="fig"} A). The binding between TMUV and the peptides was further confirmed by co-immunoprecipitation assays ([Fig. 5](#fig0025){ref-type="fig"}B). These results verified the direct interaction between biotin-peptides and TMUV.Fig. 5The peptides TP1 and TP2 interacted with TMUV. The peptide inhibitors were allowed to bind TMUV, and their TMUV-binding activity was tested by indirect ELISA (A) and a co-immunoprecipitation assay (B). Non-enveloped TMUV (TMUV treated with chloroform) incubated with peptide inhibitors in the same manner served as a negative control. The data presented are from three separate experiments. The asterisk indicates a statistically significant difference (P \< 0.05).Fig. 5

3.6. TP1 released viral RNA from virions {#sec0115}
----------------------------------------

[@bib0085] reported that the inhibitory peptide DN59 could inhibit DENV by interacting with virions and inducing the release of viral genomic RNA. Here, the release of viral genomic RNA induced by the interaction between TMUV and the peptides was investigated by exposing peptide-treated virions to RNase digestion. The RNase digestion assay showed that genomic RNA released from TMUV virions co-incubated with TP1 at increasing doses was sensitive to micrococcal nuclease. Approximately 33.7% of the genomic RNA released by TMUV virions treated with 100 mg/L TP1 was degraded by RNase. However, the genomic RNA released by virions treated with negative peptide or TP2 was protected from RNase digestion ([Fig. 6](#fig0030){ref-type="fig"} A).Fig. 6Study of the mechanism by which TP1 and TP2 blocked TMUV infection. A, Degradation of genomic RNA released from TMUV due to TP1 or TP2 in an RNase digestion assay. B and C, Pre-incubation of TMUV with either TP1 or TP2 reduced the binding of TMUV to BHK-21 cells compared to that of TMUV pre-incubated with negative peptide. B, Viral genomic RNA was detected by qRT-PCR. The data were analysed using the comparative Ct (ΔΔCT) method. GAPDH was chosen as a reference gene for internal control. Negative peptide treatment was used as a reference for each comparison. Data are the means ± SDs of triplicate experiments. The asterisk indicates a statistically significant difference (P \< 0.05). C, Cells lysates were subjected to western blotting to study the levels of TMUV E proteins. β-Actin was used as a loading control.Fig. 6

3.7. Peptides TP1 and TP2 interfered with the binding between TMUV and cells {#sec0120}
----------------------------------------------------------------------------

To explore the mechanism of the inhibitory effects of TP2, a virus binding inhibition assay was performed to determine whether the peptides interfered with the binding between TMUV and cells. TMUV was incubated with TP1 or TP2 before its addition to BHK-21 cells at 37 °C for 1 h to allow viral attachment. Unbound virus was repeatedly washed with chilled PBS, and the amount of TMUV remaining on the cells was then detected by qRT-PCR and western blotting. Compared to the RNA of virus treated with negative peptide, relative TMUV RNA was significantly decreased after TP1 or TP2 treatment. The results of western blot analysis were consistent with those of qRT-PCR and suggested that the binding of TMUV to the cells was reduced after TP1 or TP2 bound TMUV ([Fig. 6](#fig0030){ref-type="fig"}B and C).

4. Discussion {#sec0125}
=============

At present, several commercial inactivated and attenuated live vaccines have been approved by the Chinese Ministry of Agriculture for TMUV prevention. However, ducks and geese in some farms can still be infected by TMUV because of the lack of immunization or failure to induce adequate antibodies after immunization. However, there are no effective and specific treatments for TMUV infection. The need to develop treatments to control the spread of TMUV is urgent. In this study, the peptide TP1, derived from DII of the TMUV E protein, and peptide TP2, corresponding to a sequence in the stem region of the TMUV E protein, were highly effective in inhibiting TMUV infection, indicating that TP1 and TP2 are potential candidates for TMUV treatment.

The stem region of the E protein is highly conserved among flaviviruses. Previous studies reported that peptide inhibitors derived from the stem region exhibited cross-antiviral activity. DN59, derived from the stem region of the DENV E protein, had inhibitory effects against DENV as well as WNV (Hrobowski et al., 2015). P5, corresponding to the stem region of the JEV E protein, effectively blocked ZIKV infection with an IC~50~ at the micromolar level ([@bib0015]). In this study, the TP2 peptide exhibited antiviral activity against TMUV as well as JEV. Since the corresponding stem regions of TMUV, JEV and other flaviviruses are highly conserved ([Fig. 1](#fig0005){ref-type="fig"}), other flaviviruses may be inhibited by TP2. Therefore, TP2, TP2 derivatives or analogous peptides probably act as broad-spectrum flavivirus inhibitors.

In this study, co-immunoprecipitation assays and indirect ELISA indicated that TP1 or TP2 could bind TMUV in a concentration-dependent manner. The direct binding of TP1 or TP2 to TMUV, but not to target cells, might explain why both peptides exhibited similar inhibitory effects in the different cell types BHK-21 cells, CEFs, DF-1 cells and DEFs.

The mechanism by which flavivirus infection is inhibited by peptide inhibitors is not clearly understood. Previous studies reported that once DN59 bound the virion, it likely inserted itself between the E protein ectodomain and the membrane during the dynamic "breathing" process of the viral particle ([@bib0065]; [@bib0090]). This insertion resulted in the formation of holes in the viral membrane or disrupted the membrane bilayer structure. Subsequently, negatively charged genomic RNA escaped from the viral particles. Similarly, the binding of Z2 to the E protein inactivated ZIKV by disrupting the integrity of the ZIKV membrane ([@bib0150]). An RNase digestion assay showed that TMUV treated with TP1, but not TP2, was sensitive to RNase digestion, indicating disruption of the viral membrane and the escape of genomic RNA from viral particles. However, the underlying mechanism by which TP1 disrupts the viral membrane is still unclear. As described in previous studies, possible explanations are hydrophobic and electrostatic effects or viral dynamic "breathing", but determining this mechanism lies beyond the scope of this study.

The RNase digestion assay showed that TP2 treatment did not destroy the integrity of TMUV. Therefore, a virus binding inhibition assay was conducted to investigate the mechanism by which TP2 inhibited TMUV infection. The results demonstrated that treatment with either TP1 or TP2 prevented TMUV from binding cells. [@bib0030] reported that the surface of DENV particles changed from smooth to rough and that DENV particles lost their icosahedral symmetry after incubation with the peptides DN57opt and 1OAN1. This structural deformation probably interfered with cell binding. [@bib0005] demonstrated that the inhibitory peptides DET2 and DET4 caused structural abnormalities and altered the arrangement of the viral E protein, which interfered with viral binding and entry. TP1 and TP2 are likely to interfere with viral attachment by a mechanism similar to that described above. Nevertheless, the idea that the decrease in TMUV attachment after incubation with TP1 was due to the release of the genome cannot be excluded. Thus, further research to elucidate the precise mechanism of the inhibitory effects of TP1 and TP2 is needed.

The antibody induced by an inactivated vaccine may enhance TMUV infection through ADE. This phenomenon increases the challenge in developing an effective and safe vaccine to provide protection against TMUV. TP1 and TP2, which show inhibitory activity against ADE, are probably favourable for the inoculation of infected ducks and geese without the concern of ADE. In addition, unlike most small-molecule antiviral drugs, the nontoxicity of TP1 and TP2 also ensures the safety of these peptide inhibitors for antiviral therapy. However, why TP1 and TP2 inhibit TMUV ADE is still unclear. [@bib0150] reported that the inhibitory peptide Z2 interacted with the E protein of ZIKV and caused viral genomic RNA release, eventually resulting in the inactivation of ZIKV virions. It is presumed that the binding of TP1 to TMUV inactivates TMUV virions and hence relieves ADE-mediated TMUV infection. In addition, TP1 and TP2 were shown to interfere with the cellular binding of TMUV. It is possible that these two inhibitory peptides block ADE by reducing viral binding to cells. These conjectures still require further experimental confirmation.

5. Conclusions {#sec0130}
==============

This is the first report on peptide inhibitors of TMUV infection derived from the E protein. TP1 and TP2 exhibited effective anti-TMUV activity in a concentration-dependent manner. Additionally, TP2 cross-inhibited JEV infection in BHK-21 cells. Furthermore, both peptides could block ADE *in vitro*. TP1 functions through a mechanism that involves release of the viral genome and interference with cellular TMUV binding, while TP2 might be an interference factor between TMUV and the cell. These findings suggest that TP1 and TP2 could be further developed as novel treatments against TMUV.
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